A primary question that remains to be answered about the fishery for Sebastes mentella is whether it exploits several stocks within the North Atlantic Ocean. To address this issue, 1240 redfish were collected from several fishing grounds in late 2006 and early 2007 and genotyped at 12 microsatellite loci. Contemporary allele frequencies were compared with archived data to examine the temporal stability of the genetic structure. The analyses all revealed the presence of three genetically distinguishable clusters, which persisted throughout the study period, suggesting that the genetic structure detected is genuine. Cluster D included fish from the deep Irminger Sea and west Faroe Islands, and Cluster I included fish only from the Icelandic shelf. All other fish grouped in a third cluster (S). Further analyses revealed that the genetic pattern observed was not primarily attributable to isolation by distance, but rather to depth distribution.
Introduction
The exploitation of many marine fishery resources exceeds the limits of sustainable harvesting, and several stocks have declined drastically during the past 50 years (Christensen et al., 2003; Morato et al., 2006; FAO, 2007) . The depletion and the collapse of commercial fish stocks have been interpreted as a failure of sustainable fisheries management, which has in turn been suggested to be linked to the mismatch between management and actual biological units (Stephenson and Kenchington, 2000) . Fish stocks are often managed under the panmixia hypothesis, without consideration of life history, behavioural, or genetic differences among components of those management units. Such management procedures could have detrimental effects on stock diversity by disproportionately affecting the less productive components of the stock (Begg et al., 1999; Ward, 2000) . Information on population structure of commercially exploited fish stocks is therefore crucial for conservation and sustainable management of marine fish stocks (Hilborn et al., 2003) . Genetic markers such as microsatellite loci have consequently been used increasingly to improve stock identification and to aid fisheries management, with some success (Rico et al., 1997; Ruzzante et al., 1997; Lage et al., 2004; Pampoulie et al., 2006 Gharrett et al., 2007; Westgaard and Fevolden, 2007; Hyde et al., 2008) . Within the genus Sebastes, however, cryptic species (species distinguished only with genetic markers) have been exploited as a single management unit for decades Hyde et al., 2008) .
The deep-sea redfish Sebastes mentella (Travin, 1951 ) is slowgrowing, matures at an age of 10 -15 years and can live for 60 -70 years (Magnú sson and Magnú sson, 1995) . Following internal fertilization, females carry the fertilized eggs and larvae internally until they are extruded to undergo a planktonic larval phase. Sebastes mentella has a wide distribution; it is found along the Norwegian coast up to Spitsbergen and in the western Barents Sea, along the northern slope of the North Sea, around the Faroe Islands, around Iceland, and in the Irminger Sea, along the Greenland coast and along the North American coast south to the Flemish Cap, the Grand Banks, and the Gulf of St Lawrence (Tåning, 1949; Magnú sson and Magnú sson, 1995) .
The species has been historically important commercially. In the main fishing area (the Irminger Sea), fisheries of the former Soviet Union started in 1982. Other nations then entered the fishery, leading to an increase in total landings . Then, from 1992 to 1994, fishing effort shifted out to greater depth, where larger fish dominated the catch . It is now acknowledged that the Irminger Sea stock, as well as other stocks (Greenland, Faroe, and Norway), are overexploited. Although S. mentella have been known in Norwegian international waters for several years (ICES 2007 (ICES , 2008 Vinnichenko, 2007) , reporting on the distribution within these waters has been limited. It is thought that abundance has been low and distribution sporadic owing to the bycatches being very small and, until recently, only reported during the extensive herring (Clupea harengus) and blue whiting (Micromesistius poutassou) fisheries, and research surveys in the area (KN, pers. obs.). Fishing for S. mentella in Norwegian international waters began in 2004 and effort has been considerable, although effort regulations have been in place since 2006 (ICES, 2008 .
During the past few decades, one of the main challenges to S. mentella fishery management has been to assess whether it exploits only one stock or several stocks . This resulted in part from the morphology-based description of two forms (oceanic and deep-sea) of pelagic S. mentella within the Irminger Sea (Magnú sson, 1972; Magnú sson and Magnú sson, 1995) . The two forms have somewhat overlapping geographical distribution, but they differ in their depth distributions (see Daníelsdó ttir et al., 2008; Stefánsson et al., in press ). The deep-sea form lives deeper and is more common in the northeast part of the species' distribution, whereas the oceanic form lives in shallower water and has a more south -southwest distribution (ICES, 2001) . Recent genetic studies have suggested that the two forms are reproductively isolated and represent two genetically distinct populations (Johansen et al., 2000; Stefánsson et al., 2004, in press; Daníelsdó ttir et al., 2008; . At a larger geographic scale, a recent study of microsatellite loci detected three geographically distinct populations in the North Atlantic: eastern (Barents Sea and Norway), panoceanic (Faroe Islands to the Grand Banks) and western (Gulf of St Lawrence and the Laurentian Channel). Within the panoceanic population, genetic differences were small and there was no isolation by distance among the samples, which were collected shallower than 500 m and over a distance of more than 6000 km (Roques et al., 2002) .
The aim of the present study is to assess genetically whether S. mentella fishing activity exploits one or more stocks within the North Atlantic. A total of 12 samples of S. mentella was collected from several fishing grounds in late 2006 and early 2007, and genotyped at 12 microsatellite loci. In addition, archive data from ten locations were included to examine the temporal stability of the genetic pattern we observed.
Material and methods

Sampling
Genetic samples were taken from a total of 1240 fish sampled in late 2006 or early 2007 (Table 1, Figure 1 ). The temporal stability of the genetic pattern was examined in two ways. First, archive samples collected at ten locations in 1995, 1996, 2000, and 2001 were compared with the contemporary samples (2006 -2007; also referred to as current samples) to examine temporal stability among and within the clusters detected (Stefánsson et al., 2004) . Second, one of the deep-sea archive samples (d1: collected in the Irminger Sea in 1995) was processed in all analyses alongside the contemporary samples.
Genetic analysis
DNA was extracted using chelex (Walsh et al., 1991) . Current samples were screened for variation at 12 microsatellite loci (SEB9, SEB25, SEB31, SEB33, SEB45, Roques et al., 1999; Sal1, Sal4, Miller et al., 2000; Smen5, Smen10, Stefánsson et al., in press; Spi4, Spi10, Gomez-Uchida et al., 2003; Sal3, Miller et al., 2000) . Forward primers were labelled with VIC, NED, FAM, or PET fluorescent label (Applied Biosystems). Polymerase chain reaction (PCR) was performed in a reaction volume of 10 ml consisting of 3 ml of 1/10 diluted DNA template, 0.2 ml Teg DNA polymerase (3 U/ml; product number pol-141, Prokaria Ltd, Gyflaflöt 5 112 Reykjavík, Iceland), 1.0 ml of 10Â buffer, 0.8 ml dNTP (10 mM), reverse and forward primers in 0.05-0.125 ml (100 mM), and dH 2 O. PCR consisted of a 4-min denaturation at 948C followed by 30 cycles of 948C denaturing for 50 s, 588C annealing for 50 s (all primers), and 728C extension for 90 s. Cycling concluded with a 7-min extension at 728C. Amplified DNA fragments were separated by an Autosequencer ABI 3730 Genetic Analyser, and were sized according to the Applied Biosystems GeneScan TM -500LIZ TM size standard. Alleles were scored manually with the Genemapper Analysis Software version 4.0 (Applied Biosystems).
Archive data consisted of allelic information at nine of the above loci (SEB9, SEB25, SEB31, SEB33, SEB45, Sal1, Sal3, Smen5, and Smen10). DNA was extracted using phenolchloroform (Sambrook and Russell, 2001) or chelex methods (Walsh et al., 1991) . All loci except SEB25 and SEB31 were amplified separately. PCR and genotyping was performed as described in . Primer concentration varied from 1.0 mM for SEB9, SEB33, Smen5, Smen10, Sal1, and Sal3 to 0.4 mM for SEB25, 1.6 mM for SEB31, and 0.7 mM for SEB45. Sample d1 was used to calibrate fragment sizes between current and archived datasets. Calibration accuracy ranged from 100% (Sal1, Sal3, and Smen10) through 99.99% (SEB31 smaller allele and Smen5 smaller allele), 99.98% (SEB9, SEB25, and SEB33 larger allele), and 99.97% (SEB33 smaller allele, SEB45, and Smen5 larger allele) to 99.95% (SEB31 larger allele).
Data analysis
Genetic variability was assessed using allele frequencies, observed (H O ) and expected (H E ) heterozygosity, and mean number of alleles, calculated in the program FSTAT version 2.9.3 (Goudet, 1995) . FSTAT was also used to estimate overall F ST (Weir and Cockerham, 1984) and pairwise F ST between samples, to test for fit to Hardy-Weinberg proportions (HWE), to test for linkage disequilibrium between loci, to calculate allelic richness (r), and to test r and H O among genetic clusters. Always, 15 000 permutations were used for significance testing.
Exact tests for significant allelic and genotypic differentiation between samples were carried out using the Markov chain method (10 000 dememorization numbers, 100 batches, and 10 000 iterations per batch; Guo and Thompson, 1992) in the program GENEPOP version 3.4 (Raymond and Rousset, 1995) . Multidimensional scaling analysis (MDS) based on pairwise F ST values was carried out in the R package (Ross and Gentleman, 1996) , to visualize relationships among samples.
The program BAPS version 4.13 (Corander et al., 2003 (Corander et al., , 2004 ) was used to cluster groups of fish, where the original samples were defined as groups. The program was run using the nonspatial model for genetic discontinuities, i.e. population inference was based on genotypes, and spatial location of the samples was ignored. The maximum number of clusters was set at 13, equal to the number of samples. To avoid the risk that the algorithm could have fallen into a local mode, the program was run at K ¼ 3, 6, 9, 12, and 13 for five replicates each. Individual admixture proportions (q) were calculated based on mixture clustering after 1000 iterations. A post hoc analysis was carried out on the distribution of individual q values (response) from samples (factor) within different clusters using the Kruskal -Wallis nonparametric analysis of variance (Sokal and Rohlf, 1995) .
A hierarchical analysis of molecular variance (AMOVA) was performed using ARLEQUIN version 3.0 (Excoffier et al., 2005) to test for spatial structure among ad hoc defined clusters Depth and genetic structure of Sebastes mentella across the North Atlantic (named clusters D, S, and I) and temporal stability within each cluster.
To examine how the two different spatial dimensions, depth and geographical distance, could explain the genetic variation, we used the partial Mantel test (e.g. Sokal and Rohlf, 1995) carried out in the software IBD 1.2 (Bohonak, 2002) . Matrices of genetic distances [using F ST /(12F ST ), e.g. Raymond and Rousset, 1995] , depth (logarithm of the differences in catch depth, m), and distance (logarithm of the shortest geographical distance, km) were constructed for pairwise comparison and tests were based on 10 000 randomizations. To eliminate the effect of geographical distance on the depth variable, we applied distance-based redundancy analysis (dbRDA; Anderson, 2001) with geographical distance as a covariate. The method performed a multivariate regression on the distance response matrix (see above) and p-values were obtained after 9999 permutations. For all multiple tests, the Bonferroni corrections were applied to p-values (Rice, 1989) .
Results
Genetic variability of the current samples
Genetic variability and tests for HWE across loci for each sample are presented in Table 2 . Allelic richness (r) and observed heterozygosity (H O ) were higher in samples collected at the Irminger Sea deep zone (,500 m). Genotypic proportions were out of HWE in only 8 of 156 exact tests. None of these values were attributable to particular loci or populations, and all lost significance after the Bonferroni correction (Table 2) .
Genetic differentiation among the current samples
Bayesian-based cluster analysis revealed the presence of three distinct gene pools of S. mentella in the data (Table 3 ). Both archive (Tables 3 and 4) .
MDS analysis based on pairwise F ST showed a clear difference between samples of the different clusters (Figure 2a ). Both dimensions drawn showed a comparable level of variation. Variation among samples from Clusters D and S was mostly explained along dimension 1, whereas variation along dimension 2 explained most of the variation among Clusters I and S. Variation among Clusters D and I was demonstrated among both dimensions.
The AMOVA based on the detected clusters showed that a small but highly significant portion (3%, p , 0.00001) of the variation could be attributed to the among-cluster component (Table 6) , supporting the existence of three gene pools. A negative variance component for among samples within clusters indicated the absence of genetic structure within clusters. A graphic representation of the geographical locations of Clusters D, I, and S is shown in Figure 3 .
Tests for allelic richness (r) and observed heterozygosity (H O ) showed that both measures were significantly higher for Cluster 
Temporal stability of the pattern observed
Pairwise comparisons of F ST among current and archive samples for Clusters D, I, and S showed that none of the archive samples were significantly different from current ones from the same cluster (data not shown). The MDS clearly illustrated that archive samples grouped with current ones from the same cluster (Figure 2b ). In addition, AMOVA showed that no portion of the variation was attributable to the among-years variance component, indicating temporal stability within all clusters (Table 6 ). In support of these findings, the archive sample from the Irminger Sea deep zone that was processed with current (Table 7) .
Discussion
The main objective of our study was to use genetic markers to assess whether commercial trawling for S. mentella is directed at one or more stocks inhabiting the North Atlantic. Contemporary samples were used to assess the spatial structuring, and comparison with archive samples was used to assess the temporal stability of the genetic pattern detected. All analyses revealed that S. mentella is genetically structured within the North Atlantic and that the genetic pattern was stable over a period of 10 years. Three main groups were distinguishable: Cluster D (Irminger Sea deep-sea plus Faroe Islands west), Cluster S (Irminger Sea shallow, Faroe Islands east, Norwegian shelf, Barents Sea, and Norwegian international waters), and Cluster I (Icelandic shelf west). A detailed discussion of the genetic variability between these clusters, as well as the level of genetic differentiation observed and the potential consequences for fisheries management, is provided below.
Genetic variability of the current samples
The genetic variability of S. mentella across the study area is similar to that observed for other commercial marine species (Ruzzante et al., 1997; Pampoulie et al., 2006; Hyde et al., 2008; Was et al., 2008) , and is comparable with findings reported previously for the species (Roques et al., 2002; Stefánsson et al., 2004; . All samples were in HWE across loci within populations, and a deficit of heterozygotes was detected across samples, as would be expected under the Wahlund effect, indicating phenotypic mixing. Variation measures (A, H O , H E , and r) were higher for samples assigned to Cluster D, but more similar for samples in Clusters I and S, indicating greater genetic variability in deep-sea S. mentella. Table 3 . The partition of 13 S. mentella samples from the North Atlantic using the program BAPS (Corander et al., 2003 (Corander et al., , 2004 Temporal stability of the genetic structure
All genetic analyses revealed the significant genetic structure of S. mentella, supporting earlier findings (Johansen et al., 2000; Roques et al., 2002; Joensen and Grahl-Nielsen, 2004; Stefánsson et al., 2004 Daníelsdó ttir et al., 2008) . The genetic differentiation observed was low (mean F ST ¼ 0.019, p , 0.00001, range 0.000 -0.0398), but similar to that observed in other exploited fish species in the North Atlantic (O'Leary et al., 2007; Was et al., 2008) , and to the earlier study of Roques et al. (2002) . Despite the low level of differentiation, more than half of the pairwise F ST comparisons were significant and revealed the presence of different geographic groups, also reflected by the MDS analysis. Cluster S grouped samples from Norwegian international waters with samples from the Irminger Sea shallow southwest area, Faroe Islands east, Norwegian shelf, and Barents Sea. Cluster I consisted of samples only from the Icelandic shelf, whereas Cluster D consisted of samples from the Irminger Sea deep northeast area and Faroe Islands west. The clustering method (BAPS) clearly confirmed the presence of these three clusters (q . 0.708).
In our study, we also investigated temporal stability using two different but non-exclusive methods. First, an archive sample collected at 740 m in the Irminger Sea in 1995 was used in all analyses performed on the contemporary samples. Each of these analyses indicated that this sample was not genetically different from samples in Cluster D (,500 m). Second, we compared the contemporary and archive data using a MDS and AMOVA, to test temporal stability within the clusters we detected. The MDS analysis clustered the contemporary and archive samples in three distinct genetic groups: Irminger deep-sea (Cluster D, samples 3, 4, 7, d1, d2, d3, and d4), Irminger shallow (Cluster S, samples 5, 6, 8, 9, 10, 11, s1, s2, s3, and s4) , and Icelandic shelf west (Cluster I, samples 2, i1, and i2). In addition, the AMOVA showed that no portion of the variation was attributable to the among-years variance component, indicating temporal stability within all clusters. Although the period investigated may not be sufficient to detect any substantial genetic changes (S. mentella is long-living), both approaches suggest that the structure was persistent over an extensive period, so supporting inferences that the population structure described here is real (Waples, 1998) .
Depth: the third dimension to fisheries management
Although we detected clear genetic variation, the geographical distribution of clusters appeared to overlap, indicating the sympatric existence of three S. mentella gene pools. However, when individual admixture proportions (q) were plotted against depth, samples from Clusters D and S showed clear depth segregation. This trend Table 1 for sample codes). Letters D, I, and S denote clusters from Bayesian-based cluster analysis on samples from (a). was noticeable particularly within the Irminger Sea, as previously described in analyses of archived data (Stefánsson et al., 2004, in press; . The current results corroborate previous conclusions that geographical emphasis in fisheries management cannot fully account for the distribution of pelagic fish, and that depth could also be a useful measure for management. Indeed, the emphasis put on the depth dimension in the current study may have facilitated the capture of genetic variation across the panoceanic zone described by Roques et al. (2002) . As sampling was restricted to the upper 500-m layer in the latter study, this could offer an explanation for the discrepancy between our findings and those of Roques et al. (2002) , i.e. any variation associated with depths .500 m remained beyond the scope of Roques et al. (2002) . Further underscoring the importance of the depth dimension in marine fisheries management, our results showed that this trend persisted over time, with the archive deep-sea and shallow samples grouping together with Clusters D and S, respectively.
Consequences for fisheries management
To conclude, we found significant population structure in S. mentella across its distribution, despite the high potential for gene flow, its high fecundity, long life expectancy, presumably large effective population sizes, and extensive migration patterns. The substructure we saw was temporally stable and did not appear to be linked to isolation by distance; instead, depth seemed to be the driving force. Our findings, together with those of previous studies Stefánsson et al., in press) , suggest that the assumption of panmixia for this species could have detrimental effects on stock structure and population persistence.
